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Resumo
As doenças cardiovasculares são atualmente as principais causas de morte no mundo ocidental.
Podem resultar de alterações no funcionamento das artérias, possivelmente causadas por mu-
danças nos seus vários componentes estruturais, como a elastina ou colagénio. Estes tratam-se
dos principais componentes de suporte da matriz extracelular nas artérias, o que representa a re-
sposta mecânica do tecido. Um melhor e confiável conhecimento do comportamento da artéria é
de necessidade urgente, conseguindo melhorar os tratamentos clínicos e em última análise a pre-
venção. Os métodos atuais para analisar o comportamento mecânico de artérias envolvem ensaios
mecânicos. No entanto, o deslocamento obtido pelas garras de aperto pode não ser suficientemente
preciso, uma vez que calcula uma média das deformações em toda a área do provete, através da
distância entre garras. Métodos que possam examinar deformações reais localmente ou num ponto
são, portanto, necessários para melhor compreender o comportamento da artéria, e o método da
Correlação de Imagens Digitais (CID) tem vindo a provar ser um método eficaz para a medição de
deslocamentos precisos e de deformação.
O objectivo global da dissertação é, deste modo, avaliar a aplicabilidade da CID no estudo
das artérias. Amostras de aorta suína, antes e após o isolamento de elastina, foram testados até
à rotura usando uma máquina de ensaios de tração - BiMaTS - juntamente com amostras inicial-
mente fracturadas, em seguida analisados por meio de CID. O padrão de pontos com alto contraste
necessário foi aplicado à superfície de cada amostra usando projecção de tinta preta.
O comportamento de cada amostra arterial intacta mostrou-se não linear, com a rigidez aumen-
tando exponencialmente com o aumento do deslocamento. Para baixos valores de tensão, a curva
de tensão-deformação é controlada principalmente pela elastina numa primeira região linear, até
o colagénio começar o seu denominado recrutamento e esticar, transportando maioritariamente a
carga numa segunda região linear da curva. Consistente com os resultados anteriores, as amostras
de elastina isolada em seguida mostraram um comportamento linear. Os resultados obtidos a
partir tanto de CID e BiMaTS foram comparados com o modelo exponencial unidimensional de
Fung para o comportamento de tecidos moles, e ambos os métodos foram consistentes e eficientes
(R2 > 0.99). No entanto, houve diferenças significativas entre o BiMaTS e CID. Embora os dados
da literatura disponível para o tecido arterial suíno sejam mais consistentes com os valores obtidos
através do BiMaTS, todos estes foram obtidos utilizando métodos de ensaio semelhantes, anal-
isando os deslocamentos através da distância entre garras de aperto. Os resultados obtidos pela
CID no presente estudo foram, de facto, consistentes com a escassa literatura encontrada sobre
análise CID e a sua aplicabilidade.
A CID forneceu informações sobre pontos específicos e áreas do provete, em vez de sim-
plesmente obter uma média ao longo da área de ensaio, mostrando-se um método útil e eficiente,
especialmente tendo em conta a heterogeneidade do tecido arterial. A CID mostrou-se no en-
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tanto não eficaz com amostras fraturadas, visto as informações captadas pelo método começarem
a degradar-se como a progressão do teste. De facto, a primeira porção de superfície do provete a
perder a informação é em torno da ponta da fissura, em que é mais importante.
Com uma preparação de superfície eficaz, a CID revela-se um método válido e eficaz para
analisar as propriedades mecânicas do tecido arterial, assumindo que a camada de superfície da
amostra não está já inicialmente fraturada.
Abstract
Cardiovascular diseases are currently the leading causes of death in the western world. They may
result from changes in the arteries’ function, possibly caused by changes in its different structural
components, such as elastin or collagen, the primary load-bearing components of the extracellular
matrix in arteries, accounting for the mechanical response of the tissue. A better and reliable un-
derstanding of the artery’s behavior is of pressing need, ultimately improving clinical treatments
and prevention. Current methods to analyze the mechanical behavior of arteries involve grip to
grip mechanical testing. However, the displacement from grip to grip may not be accurate enough
since it averages the strains over the entire specimens. Methods that can examine real deforma-
tions locally or at a point are thus needed to understand the artery’s behavior, and digital image
correlation (DIC) has been proven to be an effective method for accurate local displacement and
strain measurements.
The overall aim of this work is therefore to assess the applicability of DIC to the study of
arteries. Samples of porcine aorta before and after isolation of elastin were tested to failure using
a tensile testing machine - BiMaTS - and then analyzed using DIC. In addition, notched fracture
specimens were also tested. The necessary high contrast speckle pattern was applied to each spec-
imen’s surface using black spray paint.
The behavior of each intact specimen was nonlinear, with the stiffness increasing exponentially
as the stretch increased. At low stress the stress-stretch curve was primarily controlled by elastin
on a first linear region, until collagen began its recruitment and stretched, carrying the load on a
second linear region of the curve. Consistent with the previous results, isolated elastin specimens
then showed a linear behavior. Results obtained from both DIC and BiMaTS were compared with
Fung’s 1D exponential model for the behavior of soft tissues, and both methods were consistent
and efficient (R2 > 0.99). However, there were significant differences between the BiMaTS and
DIC data. Although the data in the available literature for porcine arterial tissue are most consistent
with the values obtained with the BiMaTS, they were all obtained using similar testing methods:
analyzing the grip-to-grip displacements. The results obtained by DIC in the present study were
consistent with the scarce literature on previously conducted DIC analysis.
DIC provided information on specific points and areas of the specimen, instead of simply
obtaining averages along the gage length, making it a helpful and efficient method with the het-
erogeneity of arterial tissue. DIC proved itself to be not completely effective with fractured speci-
mens, however, as information captured by the method begins to degrade as the test progresses. In
fact, the first portion of the specimen’s surface to lose information is around the crack tip, where
it is most important.
With an effective surface preparation, DIC proved itself to be a valid and effective method for
examining the mechanical properties of arterial tissue.
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Chapter 1
Introduction
1.1 Motivation and Research Objectives
Arteries play a major role in human health as part of the cardiovascular system - they conduct
the blood from the heart into our lungs and other tissues of our body, providing oxygen and other
nutrients to all of our living cells. Cardiovascular diseases interfere with the efficient and effective
transportation of blood, nutrients and oxygen, and are currently the leading causes of death in the
western world. Hypertension, atherosclerosis and hardening of the arteries with age are conditions
that induce morphological and functional changes in arteries, causing altered perfusion - the pro-
cess where blood is delivered to a capillary bed - of the organs and tissue. Cardiovascular diseases
may result from changes in the arteries’ function, possibly caused by changes in its different struc-
tural components, such as elastin, collagen, or smooth muscle cells (SMC). To better understand
these diseases, what causes them and how they affect us, a better and more reliable understanding
of the artery’s behavior is of pressing need, ultimately improving clinical treatments and preven-
tion.
One of the main functions of an artery is to maintain a healthy blood pressure by expanding
and contracting in response to the pulsatile flow of blood. When the artery begins to expand the
initial mechanical response is attributed to the passive behavior of elastin fibers. As the artery
continues to expand, the load bearing transfers from the elastin to collagen. Elastin then contracts
and restores the artery to its original state. Smooth muscle cells actively regulate the diameter of
muscular arteries.
Current methods to analyze the mechanical behavior of arteries involve mechanical testing,
similar to tests for engineering materials. Arteries, however, undergo large deformations, are
tested wet, and provide only small specimens. Therefore, specialized test conditions must be cre-
ated. Since the specimens are small, and tested under physiologic conditions (i.e. wet), strain
gages and extensometers cannot be used. Deformations are often determined using grip to grip
strain analysis. Grip to grip measurements provide good information when it comes to uniaxial
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load and displacement of biological soft tissues. However, the tissue’s behavior may not be ho-
mogeneous, and the displacement from grip to grip may not actually represent the displacement
of the tissue in different points of the artery since it homogenizes (averages) the strains. Methods
that can examine real deformations (or strains/displacements) locally or at a point are thus needed
to understand the artery’s behavior.
Digital image correlation (DIC) has proven itself to be an effective and practical non-contact
optical method for accurate displacement and strain measurements. It is widely used in scientific
research and shows great promise to provide new insights on the behavior of soft tissues. The
overall aim of this work is therefore to assess the applicability of DIC to the study of arteries,
looking for a better understanding of the mechanical behavior of intact arterial tissue specimens,
chemically isolated elastin specimens and fracture specimens.
1.2 Thesis Organization
The present chapter (Chapter 1) provides an overview of the motivation and objectives for this
research.
Chapter 2 provides the necessary background and a review of the literature for the various
topics covered by the project. It starts with an overview of digital image correlation, examining
its origin and methodology, taking into account its development and significance. An overview
of arterial structure and function is also presented, reviewing published studies on the structure-
function relationship in arteries and mechanical behavior of arterial tissue, including the role of
components such as elastin and collagen.
Chapter 3 describes the equipment, materials and methods of the present study, delineating the
various steps and protocols taken into consideration. It is the technical description of the project’s
Methods and Materials.
Chapter 4 presents the results of the conducted study, discussing them as they are put forward
and in the context of other published studies on the subject. It addresses the main objectives of the
project: initially measuring the biomechanical behavior of arterial tissue before and after elastin
isolation, and later of fracture specimens. The chapter also assesses the quality of the results and
statistically compares them when possible. It examines the applicability of DIC on arterial studies,
completing the specific aims proposed in the beginning of the project.
Chapter 5 summarizes the results of the present study, first evaluating key findings and then
commenting on the accomplished objectives, and lists the study’s conculsions. The chapter in-
cludes a discussion of possible limitations to the research, and discusses suggestions for possible
1.2 Thesis Organization 3
directions on future work.
In Appendix I information obtained by DIC for different samples can be found. The testing
guide for the Vic-2D (written by Correlated Solutions, Inc.) DIC software is presented in Appendix
II.
4 Introduction
Chapter 2
Literature Review
2.1 Digital Image Correlation
Digital image correlation is an effective and practical non-contact optical method for accurate dis-
placement and strain measurements. DIC is now widely used in scientific research, both because
of its less complex test setup when compared to other methods, like the application of strain gages,
and its ability to determine local strain fields across the entire surface of an object. The method
acquires images of a specific object in digital form. Then, DIC uses image recognition to analyze
deformation of the object, basing the analysis on a comparison between images of the object’s
surface recorded before and after loading. For the surface deformation information to be detected,
the surface should be covered with areas of high visual contrast, usually accomplished by applying
a random speckle pattern. It is applicable to both opaque and transparent materials, and its image
processing does not entail fringe pattern analysis or phase unwrapping.(1; 2; 3; 4; 5; 6; 7; 8; 9)
Digital Image Correlation may be a better analysis method with respect to the current problem,
and may help lead us to a better understanding of arterial behavior.
Digital image correlation was first developed in the early 1980s, with the goal of measuring
deformations on a nominally planar object subjected to loading, which would result mostly in
"in-plane" motions. Displacements are determined by searching and matching areas with multiple
pixel points from one image to the other. This area, usually called a "subset", has a unique light
intensity distribution inside the subset itself, assumed not to change during deformation. Subset
matching, therefore, leads to the calculation of the surface strains on the object, using mechanics
principles, after the motion data between the several matched subsets is converted into real mea-
surements. Since its creation, with the increase in computer power and processing capabilities,
the two-dimensional (2D) DIC has been continuously modified, improved, and is increasing in
popularity. DIC has proven to be very effective at mapping deformations in homogeneous and
heterogeneous materials under mechanical testing, including testing of arterial tissue. (4; 10; 11)
Figure 2.1 shows a typical experimental arrangement for 2D-DIC. The method is theoretically
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Figure 2.1: Schematic diagram of equipment for DIC. (1)
restricted to planar surfaces undergoing predominantly in-plane motions, assuming the recording
camera can be set perpendicular to the surface of the object, although out-of-plane deformations
are usually unavoidable. (4; 9) Incoherent light sources illuminate the surfaces in an uniform way,
and images are then taken by a camera placed normal to the illuminated object’s surface, during
the surface deformation. After the images are acquired, putting one of them together with the next
- one taken “before” and another “after” the resulting deformation from mechanical or thermal
loads - the two images are then processed on a computer.
Digital image correlation works by geometrically aligning two images (the reference and the
target), detecting the same physical points in both images, and determining the correspondence
between the matching subsets. (1; 2; 3; 5; 12) The distribution of light intensity at each point and its
surroundings is assumed to be unique. After a surface deforms, each point in that surface will exist
at new coordinates (the target coordinates), that the DIC detects as the light intensity distribution
at the new location consistent with the original (reference). Since DIC relies on sufficient light
intensity variations in the reference and target subsets to ensure the identification and matching of
the different points, the surface of the objects are covered with random natural or artificial texture
patterns (i.e., the "speckle" pattern).
Figure 2.2: Schematic of the reference square subset before deformation and the target subset after
deformation in DIC. (3)
The basic principle of the standard subset-based DIC method is shown in figure 2.2. Accord-
ing to Yu et. al (2014) (3), a square subset of (2M+1)× (2M+1) pixels centered at point P from
the undeformed image is chosen to find its corresponding location in the deformed image. To
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evaluate the best matching between subsets (a group of pixels), many different correlation criteria
exist and can be used(3; 5; 13; 14).
The cross-correlation criterion is an example of one such correlation criterion. It was used by
Yu et al (2014) (3), and is defined by the following expression:
C(p) =
M
∑
i=−M
M
∑
j=−M
[ f (xi,y j)− fm]
[
g(x′i,y′ j)−gm
]
√
M
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]2 (2.1)
where f (xi,y j) represents the gray level values at coordinates (xi,y j) in the reference subset
of the reference image, and where g(x′i,y′ j) is the gray level values at coordinates (x′i,y′ j) in
the target subset of the deformed image. The variables fm and gm are the mean gray values for
the reference and target subsets, respectively. A first order shape function is commonly used to
accurately match the both subsets, as follows:
x′i = x0+∆xi+u+ux∆xi+uy∆y j
y′ j = y0+∆y j+ v+ vx∆xi+ vy∆y j
(2.2)
Where u and v are the displacement components for the subset center P in the x and y direc-
tions, respectively, ∆xi and ∆y j are the distances from the subset center P to point Q in the x and
y directions, and ux,uy and vx,vy are the displacement gradient components for the subset. Ac-
cording to Yu et al (2014) (3), to efficiently solve for the parameter vector p(u,v,ux,uy,vx,vy), the
Newton-Raphson iteration method can be used to minimize the correlation coefficient.
The engineering strain can then be obtained from the first derivative of the displacements
according to
εx = ux = dudx
εy = vy = dvdy
γxy = 12 (uy+ vx) =
1
2
(
du
dy +
dv
dx
) (2.3)
Ignoring out-of-plane deformation, the in-plane Lagrangian strain components can also be
obtained from the displacements (1):
εx = ux+ u
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2
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2
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2
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2 +
uxuy+vxvy
2
(2.4)
Several methods can be applied to create the necessary speckle pattern for the analysis. The
application of speckle markers, such as paint or powder, provide the needed contrast to correlate
images efficiently. To obtain more robust and precise measurements, one has to take into account
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the two most influential features of the speckle fiel - the speckle size and the grayscale variation.
In fact, the bigger the contrast between speckle and background, the better the correlation. (1) A
practical and efficient method of preparing the desired speckle pattern is based on the application
of a thin layer of white spray paint on the object surface, if necessary, followed by the careful
and soft application of black spray paint to obtain the random speckle patterns. (5; 12) Other
techniques for the creation of speckle patterns include the application of toner powder, lithography,
stencils or printing. (12)
The displacement resolution we can achieve with DIC depends on several factors, such as the
camera resolution and the speckle marker’s size and quality, lighting conditions, blurring and pro-
cessing parameters. When measuring the displacement of points on a moving target, for example,
one has to have in mind that motion effects may exist on the acquired images, causing possible
measurement uncertainty. (6)
The method has also given rise to three-dimensional DIC (3D DIC), employing two or more
cameras to record digital images of an object from several viewpoints. Since we used only 2D
DIC, a review of 3D DIC is beyond the scope of this thesis.
2.2 Overview of Arterial Structure and Function
The arterial system is responsible for carrying oxygenated blood pumped by the heart through
the body, and can generally be divided into two subsystems - pulmonic and systemic. The pul-
monic subsystem consists of low-pressure vessels (veins) transporting poorly oxygenated blood to
the lungs. The systemic subsystem is composed of high-pressure vessels (arteries) that transport
oxygen-rich blood from the heart to the rest of the body. Arteries can be categorized according to
two general types - elastic arteries, including the aorta, main pulmonary artery, common carotid
and common iliac arteries, and muscular arteries, which include the coronary, cerebral and renal
arteries. During systole - which is the contraction of the left ventricle, and produces the peak blood
pressures in the body - large elastic arteries are distended. When the heart relaxes during diastole,
the arteries return to their original state, through the elastic recoil of their walls, maintaining con-
tinuous flow despite the pulsatile heart beat. The flow of blood from the heart is then converted
into a steadier flow as it proceeds into the capillaries where, for example, O2, CO2, nutrients and
hormones are exchanged. (15; 16; 17)
The aorta, the main systemic artery and the largest artery in the body, consists of an ascending
segment, that ascends from the left ventricle of the heart to the arch, where blood vessels branch
off to supply blood to the arms and head, and the descending thoracic and abdominal segments,
as can be seen in figure 2.3. The aorta then splits into the iliac arteries, which supply the legs,
one sub clavian artery, one common carotid artery, and the brachiocephalic trunk, as well as many
other arterial branches like the coronary, intercostal, mesenteric and renal arteries.(15)
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Figure 2.3: Schematic of the aortic system. (18)
Arteries consist of three structural layers that allow the blood vessel to support the high pres-
sures it is subjected to - the tunica intima, tunica media, and tunica adventitia, as can be seen in
figure 2.4. Each layer has a specific structure and function contributing to the overall mechanical
behavior of the artery. (15)
Figure 2.4: Model of arterial layers and internal and external elastic laminae. (19)
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The tunica intima, the innermost layer of the artery, consists of several distinct structures. The
endothelium is a thin monolayer of endothelial cells that provide a barrier between the arterial
wall and the blood flowing through the artery. An underlying thin basal lamina is called the
"basement membrane", which provides some structural support to the arterial wall, and acts as an
adherent meshwork on which the endothelial cells can grow. In the case of the aorta and coronary
arteries, there is also a subendothelial layer of loose connective tissue containing a few fibroblasts,
occasional smooth muscle cells, and thin collagen fibers.(15; 20)
The tunica media, the middle layer of the artery, is responsible for the tensile strength of the
artery. It consists of thin layers of circularly oriented vascular smooth muscle cells alternating
with multiple concentric lamelae of elastin, and fibers of collagen and elastin in a proteoglycan
extracellular matrix. Due to the abundance of elastin in large elastic arteries, smooth muscle cells
represent a relatively small fraction of the layer. (15; 16)
The outermost layer of the artery is the tunica adventitia. It is relatively thin, and it mainly
consists of type I collagen fibers, combined with fibroblasts, nerves, a loose network of thin elastin
fibers, and the vasa vasorum - small blood vessels which spread over the surface of the artery to
form a network where capillaries penetrate into and supply blood to the tunica media. The adven-
titia provides additional strength to the artery and serves primarily as a protective sheath.(15; 16)
As a composite material, the mechanical response of the arteries will depend on the properties
of their main structural components - smooth muscle cells (SMC), proteoglycans, collagen, and
elastin.
Smooth Muscle Cells perform both structural and biological functions. By contracting and
relaxing, they help regulate the luminal diameter, maintaining a good blood pressure in blood ves-
sels. They also synthesize large amounts of extracellular matrix components, are responsible for
reproduction and nutrient exchange on an intracellular level, and for intercellular signaling and
communication.(17; 21)
The extracellular matrix (ECM) is then made up of the remaining components - collagen
(mostly type I and III), elastin, and proteoglycans. (21)
2.2.1 Collagen
Collagen is the most abundant protein in arteries, comprising about 25-30% of all protein in the
body, with 28 distinct forms identified, even though it was long believed to be a single protein.
(15; 22; 23) As reported in Humphrey (2002) (15), the most common forms in the cardiovascular
system are types I and III, which form fibers and provide structural support in tension, type IV,
which forms a porous network acting as scaffolding for epithelial and endothelial cells, types V,
and VI, which tend to associate with smooth muscle cells, and type VIII, which tends to associate
with endothelial cells. In its unstressed state, collagen fibers appear as crimped or wavy fibers,
2.2 Overview of Arterial Structure and Function 11
that straighten as load is applied, as seen in figure 2.5.
Figure 2.5: Collagen fibers (blue) and elastin fibers (red) shown under increasing load. Initially,
elastin bears the load as collagen fibers straighten. Once straight, collagen fibers also bear load.
(17)
All collagens consist of a triple helix formed by three polypeptide α chains with a glycine
residue in every third position, their basic structural unit is on the order of 285nm in length and
1.5nm in diameter. As can be seen in figure 2.6, the individual collagen molecules aggregate in
the form of microfibrils, which then aggregate into fibrils, and further into fibers. Intramolecular
covalent cross-links helps stabilizing the structure, as well as the abundant interchain hydrogen
bonds.(15)
Collagen is synthesized by fibroblasts, vascular smooth muscle cells, among other cells (15;
24), and it provides mechanical integrity and strength to the tissues.
2.2.2 Elastin
Elastic fibers consist of two components - an amorphous core of elastin and a microfibrillar gly-
coprotein called fibrillin (10-12nm diameter) surrounding the core (15; 16; 25). With a loose,
amorphous and highly cross-linked structure, elastin exhibits a network of fibers, and behaves
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Figure 2.6: Schematic of collagen formation. (15)
with an elastic and recoverable response to large stretches. According to Fawcett (1994) (16),
elastic fibers can be stretched to one and a half times their original length by a force of 20-30
kg/cm and then return to their original length when the tension is released.
Similarly to collagen, elastin is a long-chained protein, but it has a much less integrated struc-
ture than collagen. Its mechanical properties are greatly different, with inferior strength and supe-
rior flexibility compared to collagen.
Elastin is an extracellular protein known for providing an elastic quality to tissues and organs.
Elastin is most abundant in organs where elasticity (or the ability to recover after a load is applied)
is of major importance. Such is the case with blood vessels; blood vessels undergo more than a
billion cycles of stretching and relaxing during life. Other tissues that perform elastic functions
are elastic ligaments, the lungs and skin. Elastin has a very low stiffness and forms both fibers
and laminae. Elastin comprises about 50% of the dry weight in large arteries and 70% in elastic
ligaments. Elastin fibers are composed of parallel filaments of about 5nm in diameter, presenting
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Figure 2.7: Elastin Structure. (15)
themselves as rope-like structures (25).
Elastin is therefore an abundant and essential component of the extracellular matrix in arteries,
since it provides the compliance and recoil necessary to accommodate the cardiac pulse.
2.2.3 Mechanical Behavior
Collagen and elastin are the primary load-bearing components of the extracellular matrix in arter-
ies, accounting for the mechanical response of the tissue. It has also been shown that arteries are
nonlinearly elastic, exhibiting a nonlinear stress-stretch response - as can be seen by the bilinear
model shown in figure 2.8 - characterized by an initial linear area with a low slope in the low stretch
region (the "toe" region), then transitioning into a new linear region with a high slope response for
higher stretches. The arterial wall is then anisotropic, with its behavior varying in different direc-
tions, mostly because of the circumferential arrangement of elastin and the helical arrangement of
collagen fibers in the media. Roach and Burton (1957) (26) demonstrated a model that assumed
that at low pressures - associated with the low levels of stretch - tension was initially carried by
elastin, as shown by its elastic modulus, while the stiffer collagen fibers remained folded. As the
pressure and stretch increase, the gradually unfolding collagen takes on an increasing fraction of
the tension - called collagen fiber recruitment - leading the artery to become increasingly stiffer,
and preventing the over-distension (26; 27; 28; 29). This can also be seen in the schematic shown
in figure 2.5.
2.2.4 Cardiovascular disease
Cardiovascular diseases refer to conditions or diseases of the heart and blood vessels, including
high blood pressure, coronary artery disease, and stroke. As Stephen (2012) (17) mentions, blood
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Figure 2.8: Bilinear model of arterial response data showing elastin-dominated and collagen-
dominated regions of response. (27)
pressure is commonly used as a measure of the health of the cardiovascular system. It indicates
the systolic (maximum) and diastolic (minimum) pressures experienced by the arteries and has
been used as a strong indicator of cardiovascular health for many years. Pulse pressure, the dif-
ference between the two values of pressure mentioned before, is also a measure of arterial health
and has been shown to be an independent risk factor for cardiovascular disease, providing a direct
indication of arterial stiffness (17). Measurements of pulse pressure can be used to identify early
changes in arterial structure associated with cardiovascular disease.
It has then been established that there are strong independent associations between increased
arterial stiffness or pulse pressure and increased morbidity, and mortality from cardiovascular dis-
ease (28). In fact, arteries are known to become stiffer with increasing age, as elastin becomes
fragmented, degraded and replaced by much stiffer collagen. Therefore understanding the behav-
ior of elastin as a component of the composite arterial structure is essential for understanding the
root causes of cardiovascular diseases. Knowledge of how changes in elastin affect arterial behav-
ior may lead to improved diagnoses and treatments of cardiovascular diseases.
Chapter 3
Materials and Methods
Three different types of experiments were performed throughout the development of this project,
to assess the applicability of digital image correlation to the study of arteries. Uni-axial loading-
to-failure tests were conducted on specimens obtained from intact arteries, on isolated elastin
specimens, and on fracture (notched) specimens.
3.1 Specimens Preparation
Fresh segments of pig descending aorta, around one-foot (0.305m) long, were obtained at a local
slaughterhouse (Miller & Mauer Meats Inc., Manchester, MD). No pigs were sacrificed for the
sole purpose of this project.
After being dissected, all connective tissue and fat was carefully removed using a scalpel and
scissors. The aortic tissue was then rinsed in de-ionized (DI) water, and stored in saline solution.
As can be seen in figure 3.1, the tubular aortas were cut longitunidally, opened flat and then divided
in several square samples. Dog-bone shaped testing specimens were cut from the prepared sam-
ples along the circumferential direction, from the different locations along the arterial tree. The
healthy thoracic aorta has been studied by Vorp et. al (30), who showed that no significant dif-
ference was found between both circumferential and longitudinal orientations. Figure 3.2 shows
the custom die used to punch the dog-bone specimens (10mm× 30mm overall dimensions, with
5mm×7mm in gage secction) from the tissue.
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(a) Full Aorta
(b) Clean Aorta (c) Square Specimens
(d) Cut Specimens
Figure 3.1: Specimens Preparation
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(a) Sample punch assembly.
(b) Dies.
Figure 3.2: Sample punch assembly and dies used for preparing dog-bone samples from blood
vessels for mechanical testing. An arterial sample is placed on the sample platform and the lever-
age arm is used to apply pressure to the sample, cutting the dog-bone shape of the die out of the
artery.
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For the fracture tests, an initial slit or "crack" of approximately 1.90 mm was introduced to
the middle of each fracture specimen, using a cutting tool as seen in figure 3.3. The specimens
were placed between two aluminum blocks and a specific opening over the middle of the spec-
imen allowed for the introduction of a single-edged blade which would create consistent initial
edge cracks on the fracture specimens.
Figure 3.3: The custom fixture used to create fracture specimens, with a slit in the center to create
the notch. (31)
The desired speckle pattern for the DIC was applied on the specimens before testing using a
commercially available "Flat Protective Enamel" paint, the most common technique for applying
a speckle pattern. Typically, the surface would be coated with white paint first, in several very
light coats. Heavy coats could lead to drips which change the shape of the surface. However, since
the specimens themselves already had a white surface, this was not necessary. The speckle coat
was applied after drying the surface with paper towel, since if it were wet, the paint would blur.
For smaller patterns, as was the case, simply spraying the paint quickly past the surface in several
sweeping motions gave a good speckle size, aiming for the area surrounding the specimen itself.
A "typical" speckle pattern obtained by the method is shown in figure 3.4.
3.1.1 Elastin Isolation
To isolate the elastin in aortic samples, for the testing of isolated elastin, the protocol of Q. Lu et
al (2004) (32) was used, which makes use of cyanogen bromide (CNBr) to remove cells, collagen
and all other components except for elastic fibers.
Following the referenced protocol, intact arterial tissue samples were treated with 50 mg/ml
of CNBr in 70% formic acid (8 ml/cm2) under a fume hood, with gentle stirring at 20◦C for 19
hours, followed by 1 hour at 60◦C. The samples were then boiled for 5 min, to inactivate CNBr.
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Figure 3.4: A "typical" speckle pattern obtained by the spray painting method. (12)
The treatment of CNBr in formic acid is known to cleave methionine residues from proteins, the
former being amino acids present in collagen and all other proteins, but absent in elastin, which
allows its survival to the treatment.
3.2 Biomechanical Testing Equipment
Tensile and fracture tests on arterial samples were conducted in the Laboratory for Implantable
Materials and Biomechanics at the University of Maryland, Baltimore County (UMBC), using
the Biological Materials Testing System (BiMaTS) (27) - as seen in figure 3.5. The BiMaTS is a
system designed to measure uniaxial load and displacement of biological soft tissues. The system
makes use of LabVIEW software (National Instruments Corporation, Austin, TX) to control and
coordinate the included load cell (Model 31 Mid, Honeywell, Golden Valley, MN) - with a range
of ±5 lbs (2.27 kg), attached to a mounting fixture and mounted on a bracket attached to a linear
positioning table - microstepper motor (HT23-600, Applied Motion Products, Watsonville, CA) -
driving the movement of the fixture - and linear optical encoder (MicroE Systems, Bedford, MA)
- measuring the displacement of the fixture - connected to a motor controller and data acquisition
board.
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Figure 3.5: Biological Materials Testing System (BiMaTS).
The specimens were mounted inside a transparent chamber, with each of their ends fixed on
specially designed grips. The transparent chamber allowed for the capture of images by an exter-
nal digital camera (Dino-Lite AM3111 Premier digital handheld microscope, Dino-Lite, Torrance,
CA), also used by the DIC for noncontact strain measurements. As a light source, a high inten-
sity illuminator (Dolan Jenner Fiber Lite High Intensity Illuminator Model 170-D, Dolan Jenner
Industries Inc., Boxborough, MA) was used. During testing, the specimens were completely im-
mersed in saline at a constant human body temperature of 37◦C (regulated by a thermostat), while
the saline solution was kept almost continuously flowing, except for the duration of the tests them-
selves, when it was preferred to be still, to allow for consistency in the captured images.
3.3 Biomechanical Testing Protocol
After having each set of specimens ready - intact, elastin, or fractured specimens - the protocol
used for testing was the same for all, carrying out the experiments using the BiMaTS.
Before securing the specimens on the BiMaTS, as a first step, each sample had its width, gage
length and thickness measured. The speckle pattern was also applied on the sample’s surface. For
3.3 Biomechanical Testing Protocol 21
the paint to efficiently stick to the surface, the surface was temporarily dried with a paper towel
beforehand. Figure 3.6 contrasts the desired speckle pattern for DIC analysis against the patterns
achieved in the present study.
(a) Preferable speckle pattern. (b) Achieved speckle pattern.
Figure 3.6: Contrasted speckle patterns.
After securing and adjusting the test specimens on the BiMaTS, as seen in figure 3.7, the sam-
ples were preconditioned by applying 15 load-unload cycles. By preconditioning, a consistent
load-deflection response was developed that presumably returned the vessel to its natural, in vivo
state, by gradually adapting the tissue to its loading environment. After the tissue was taken from
an animal and was allowed to recover from the viscoelastic creep effect, the stress-strain curve
will not be the same as if the tissue had been tested right after it was harvested. While subjecting
the tissue to several identical loading cycles, the difference between subsequent curves decreased
until it reached a steady response. Preconditioning therefore decreases variability in mechanical
response between samples. It is an essential step when it comes to testing the mechanical prop-
erties of soft tissues, and the protocol has to be suitable for the type of tissue - the number of
load-unload cycles selected must be large enough to provide repeatable material response.
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Figure 3.7: Schematic of the test setup with a mounted specimen on the BiMaTS.
In the present study, samples were preconditioned for 15 load-unload cycles at a strain rate of
6.3mm/s, as was used in the lab, per protocol. Preconditioning was omitted in the fracture tests
since the existence of an initial crack could potentially change the behavior of the specimens.
Immediately following preconditioning, each sample was tested to failure at a constant strain
rate of 0.05mm/s. Load and stretch were continuously recorded by the data acquisition software.
Following the same acquisition rate, images were also recorded by the attached digital camera.
3.4 Mechanical Behavior Assessment
From experimental load-displacement curves obtained by the BiMaTS for each test, engineering
stress - σ - and stretch - λ -relationships were derived, according to the following equations:
σ(Pa) =
P(N)
A(m2)
(3.1)
λ (mm/mm) =
l(mm)
L(mm)
(3.2)
where P is the applied load, A is the sample’s cross-sectional area, l is the length at each mo-
ment and L is the initial length. The elastic modulus - E, the most common mechanical parameter
used when trying to understand and describe the behavior of an elastic material, predicting the
elongation or compression of a material when subjected to stress, as long as it is less than the yield
strength of the material - was also obtained from the stress-stretch curves, as it corresponds to the
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slopes of the linear regions of the curves. Since aortic tissue is a nonlinear material, a single value
of elastic modulus does not represent the continuously varying response of the tissue. σmx, the
maximum stress and λmx, the maximum strain, were also recorded (figure 3.8).
Figure 3.8: When not tested to failure, a typical stress-stretch curve of the artery wall displays hys-
teresis, which indicates the energy lost by a viscoelastic material undergoing mechanical loading.
(adapted from (31))
3.5 Digital Image Correlation
Digital image correlation (DIC) analysis was executed after each mechanical test had been con-
ducted and all images captured. Images were captured every 10 ms to match the 100 Hz data
acquisition rate - load values were recorded at 100 Hz. This way, each image was consistent with
a specific load point.
DIC analysis was conducted using Vic-2D (Correlated Solutions, Inc.), following the protocol
outlined in the available testing guide and reference manual, available online. (12; 33) (See Ap-
pendix II) After importing all the captured images captured up until each sample’s failure point,
the first image was selected as the reference image - all strains and displacements were determined
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relative to this image. An area of interest (AOI) was selected (covering all of the testing area along
the gage length), and from there a subset and step size would be determined. As described in the
testing guide, the subset size would control the size of the DIC analysis window and should be at
least as big as the smallest speckle, while the step size would control the density of analyzed data -
a higher step size would give faster results, but coarser data. To generate results in physical units,
the scale was be calibrated. This was done using the measurements that had been taken for each
sample before each test began. However, as a dimensionless variable, strain would be unaffected.
It was then possible to start the DIC analysis. Once all data were available, strain values could
be extracted, in the form of plots or just data, from either specific points, reduced areas, or all the
AOI. Images and videos of the mechanical test and strain evolution could also be exported, after
editing axes and contour limits.
Of the available variables, eyy - the Lagrangian strain in Y - was the most important to extract,
given the uni-axial tests conducted in the project. Stress-stretch plots were calculated from the
DIC data, and the key parameters (elastic modulus, σmx, λmx) were analyzed.
Chapter 4
Results and Discussion
4.1 Intact Arteries and Elastin
The dimensions for each sample are shown in tables 4.1 and 4.2.
Table 4.1: Measured dimensions for the tested intact arterial tissue specimens.
Intact sample Width (mm) Gage Length (mm) Thickness (mm) Cross-sectional area (mm2)
1 5,293 7,653 2,587 13,692
2 4,630 7,560 1,923 8,905
3 4,597 7,270 1,493 6,864
4 4,910 7,757 1,463 7,185
5 4,403 7,867 1,310 5,768
6 4,737 7,180 0,867 4,105
7 4,880 7,367 2,433 11,875
8 4,317 7,560 1,623 7,007
9 4,870 7,633 1,863 9,074
Table 4.2: Measured dimensions for the tested isolated elastin specimens.
Elastin sample Width (mm) Gage Length (mm) Thickness (mm) Cross-sectional area (mm2)
1 4.457 7.337 1.117 4.977
2 4.747 7.350 1.343 6.376
3 4.707 6.857 0.793 3.734
4 4.600 7.320 1.143 5.259
5 4.643 7.367 1.040 4.829
6 4.480 7.150 0.580 2.598
7 4.780 7.773 1.193 5.704
8 4.870 7.347 1.497 7.289
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All of the stress-stretch curves determined from the BiMaTS or DIC data for intact specimens
are shown in figure 4.1. Obtaining a maximum stress average value of 1.89± 0.54 MPa, the Bi-
MaTS suggests an average maximum of stretch of 2.69±0.28, while the DIC gives the maximum
stretch value as being 1.78± 0.13. Because there are different stretches calculated for the same
stress, the two methods methods also obtain different values for the two calculated elastic mod-
uli. For the first and second linear regions, the average elastic moduli obtained by the BiMaTS
were 286±57 kPa and 2.21±1.31 MPa, respectively, while the DIC predicted 600±154 kPa and
6.00±2.24 MPa.
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(a) BiMaTS.
(b) DIC.
Figure 4.1: Stress vs Stretch for intact specimens of pig aorta. (a) Curves determined from grip-
to-grip (BiMaTS) data. (b) Curves determined from DIC data.
This discrepancy in the linear elastic moduli and maximum stretch is clearly shown in figure
4.2, which compares the two different curves obtained for the same sample.
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Figure 4.2: Stress vs. Stretch curve comparison between BiMaTS and DIC - intact sample 4.
Similarly, the contrast between the grip-to-grip measurements from the BiMaTS and DIC was
also encountered when testing isolated elastin samples. Figures 4.3 and 4.4 shows the stress-
stretch curves obtained by the BiMaTS and DIC for chemically isolated elastin samples. The
average elastic moduli obtained by the BiMaTS and DIC were 201± 54 kPa and 329± 90 kPa,
respectively, while the maximum stretch averaged 2.43±0.14 and 1.89±0.16, respectively. The
average value for the maximum stress was 282±76 kPa.
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(a) BiMaTS.
(b) DIC.
Figure 4.3: Stress vs Stretch for chemically isolated specimens of elastin. (a) Curves determined
from grip-to-grip (BiMaTS) data. (b) Curves determined from DIC data.
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Figure 4.4: Stress vs. Stretch curve comparison between BiMaTS and DIC - Elastin sample 4.
A comparison between the averages for the several obtained elastic moduli is shown in figures
4.5 and 4.6.
Figure 4.5: Comparison between the first linear region’s elastic modulus obtained by BiMaTS and
DIC for both intact specimens and isolated elastin specimens.
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Figure 4.6: Comparison between the second linear region’s elastic modulus obtained by BiMaTS
and DIC for intact specimens.
Specially in the analysis by DIC, a significant difference between isolated elastin and intact
arteries is shown (p = 0.0006), not being completely consistent with what Roach et al (1957)
(26) report, which associates elastin’s elastic modulus with the intact’s first linear region modulus.
Using grip to grip analysis, while the results are closer, they’re still statistically different (p =
0.0065) when considering all collected data. The maximum and minimum values are, however,
in line with those obtained by Machado (2011) (34), who studied the different stages of elastin
isolation, with the elastic modulus in the circumferential direction at low stress varying from 154
to 293 kPa. The discrepancy between the obtained values of elastic moduli for the first linear
region in the case of intact specimens and for the samples of isolated elastin, though, could be
due to the difference in the samples’ dimensions - the cross-sectional areas of elastin samples
are significantly smaller than the intacts’, primarily due to their difference in thickness after only
layers with elastic fibers remain, with 5.21mm2 and 8.18mm2, respectively. Since all specimens
were obtained from aortas from different pigs, regardless of age or weight, that could also affect
the difference in results. For both intact and elastin specimens, the elastic moduli obtained by
DIC is significantly higher than in the case of BiMaTS. Still, it should also be noted that even if
different when compared with each other, the two methods were not always but mostly consistent
when looking at each sample and the obtained parameters individually, compared with the rest.
4.1.1 Digital image correlation vs BiMaTS
Table 4.3 summarizes the information obtained by both testing methods.
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Table 4.3: Mechanical parameters obtained by both DIC and the mechanical testing system Bi-
MaTS, for intact arterial specimens and chemically isolated elastin samples.
Intact Samples Isolated Elastin Samples
σmax (kPa) 1887.938±540.830 282.390±76.021
BiMaTS DIC BiMaTS DIC
λmax (mm/mm) 2.690±0.284 1.778±0.131 2.426±0.144 1.891±0.156
E1 (kPa) 286.257±57.143 599.548±153.889 201.059±53.567 329.354±89.842
E2 (kPa) 2214.686±1309.840 6000.000±2236.068 - -
To better describe the mechanical behavior of arteries, many different mathematical models
have been proposed (35; 36; 37; 38; 39), looking to find a quantitative relationship between the
stress a material undergoes and the resulting deformation. Most existing models are 2D or 3D
models, better for the modeling of in vivo arterial behavior. 1D models, though, are also important,
representing the simplest model of arterial behavior, and are useful for studies of uniaxial response.
One of the most prevalent and widely accepted model types for describing soft tissue, including
the artery’s mechanical response, is the Fung-type exponential model (17; 35), represented by
T =
1
c
eaλ −β (4.1)
where T represents the Lagrangian stress in the specimen, λ the stretch, a the slope of the
dT
/
dλ vs. T curve, c is an integration constant and β a constant factor. Given the observed
differences in the obtained values, results from the uniaxial linear mechanical tests - obtained
from both DIC and BiMaTS - were compared with Fung’s 1D exponential model, looking to
determine which of the two was most effective at describing the theoretical behavior predicted by
the mathematical model. As described, the model then uses a single exponential equation of the
form:
y= c1+ c2ec3x (4.2)
The model requires the 3 equation parameters c1, c2 and c3 to describe the material’s response.
To fit the experimental data to an exponential curve, a regression analysis was completed for each
sample using the Trust-Region algorithm. Figure 4.7 shows an example for the curve fit of the
exponential model representation of the results, obtained for a given sample.
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Figure 4.7: Stress vs. Stretch curve fit using Fung’s 1D exponential model.
Once the exponential equation and respective equation parameters were obtained for each
sample, the mean values for both methods were calculated. The coefficient of determination - the
r-squared (R2) value - was also recorded for each individual sample to determine the associated
goodness of fit, indicating how well the data fit the model. The means and standard deviations
calculated from all recorded values are shown in table 4.4.
Table 4.4: Obtained parameters from Fung’s 1D exponential model equation for the curve fitting
of experimental data from BiMaTS and DIC.
BiMaTS DIC
c1 −215000±232847 −74700±35973.63
c2 57291.44±103353.34 1441.26±2293.19
c3 1.971±0.711 4.643±0.983
R2 0.99733±0.00476 0.99956±0.00039
As can be seen by analyzing the experimental data, as indicated by Fung’s goodness of fit
factor, results from both methods were consistent and efficient in representing the theoretical be-
havior of arteries, with R2 values greater than 0.99.
Two-tailed Student’s t-tests were used to compare both DIC and BiMaTS results for each
calculated parameter, and to determine whether or not they were different. The samples were
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considered statistically significantly different, for a confidence level of 95%, when t > tcritical or
p < 0.05 (the p-value being the probability that an effect at least as extreme as the currently ob-
served has occurred by random chance). Table 4.5 summarizes the obtained t-values and p-values
for each compared parameter.
Table 4.5: Two-tail Student’s t-tests’ results.
Intact Samples
p t tcritical
λmax 1.721E-07 -8.74256035 2.119905299
E1 3.127E-05 5.725514518 2.119905299
E2 4.642E-04 4.382058457 2.119905299
c1 0.09329 1.784622344 2.119905299
c2 0.12461 -1.620744405 2.119905299
c3 6.032E-06 6.606900964 2.119905299
Isolated Elastin Samples
p t tcritical
λmax 5.187E-06 -7.118184358 2.144786688
E 0.00376 3.469158551 2.144786688
Except for two of the three parameters from Fung’s model equation, c1 and c2, and the r-
squared values from the curve fittings, all obtained parameters showed significant differences be-
tween the BiMaTS and DIC, namely the calculated elastic moduli and maximum stretches.
The values in the available literature are most consistent with the values obtained with the
BiMaTS. Machado (2011) (34) obtained an elastic modulus of 202± 42 kPa for isolated elastin
samples, and of 236±33 kPa for the first linear region of intact specimen’s stress-stretch curves.
The obtained maximum stress was 1507±188 kPa for intact specimens and 190±40 kPa for iso-
lated elastin (a drop of 87%), associated with maximum stretches of 2.2±0.2 and 1.920±0.008,
respectively. These results are also consistent with Lu et al’s (2003) (32), showing a drop in max-
imum stress from 1132±85 kPa in intact specimens to 269±9 kPa in isolated elastin specimens
(76% difference). Also consistent with the values obtained with the BiMaTS, while testing intact
arterial tissue specimens, Stemper et al (2006) (40) obtained values of maximum stress ranging
from 1.15± 0.39 MPa to 1.32± 0.31 for fresh and frozen specimens, respectively, and elastic
moduli for the second linear region ranging from 2.98±1.45 MPa to 3.49±1.32 MPa.
These values, however, were all obtained using similar testing methods, analyzing the grip-to-
grip displacement. Zhang et al (2002) (1), after testing bovine arterial tissue using DIC, reported
that the grip-to-grip strain was greater than the average strain computed using DIC at the central
section. Consistent with the present study, for the same value of maximum stress, this would mean
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greater elastic moduli in the case of DIC analysis.
This difference in values obtained by DIC and BiMaTS may be partly explained by the por-
tions of the specimen considered while measuring the displacements. Since arterial tissue is not
an homogeneous material, its behavior might change according to the location one is considering,
experiencing different displacements according to the areas under analysis. In digital image corre-
lation, we measure displacements considering solely the gage section given to us by the dog-bone
specimen, where the smaller cross-section will cause the failure to occur due to the concentration
of stress in the area, making it the critical area of the sample. Most of the strain occurs in this
gage section, and should be measured in this section, while stress is calculated from the force load
on the grips. If any strain or deformation occurs outside of the test area, the test results will be
inaccurate - due the material’s heterogeneity, this might be a possibility. When using grip to grip
analysis, on the contrary, the displacement is measured by the distance between grips. All tissue,
regardless of location and shape, is considered. Even if the dog-bone specimen is used to pre-
vent that from happen, with different displacements occurring along the specimen, since the two
methods analyze different portions of the specimen the calculated stretch can be different when
comparing them with one another.
While DIC is dependent on the behavior of the tissue based on the surface layer of the specimen
and the speckle pattern applied, grip to grip analysis, and therefore the BiMaTS, depends solely on
the distance between grips, assuming they are properly fixed to the sample. One should be aware
that slipping of the sample may also occur, even if on a small scale, affecting the accuracy of grip
to grip results, but not necessarily the DIC’s.
4.1.2 Digital image correlation
Digital image correlation enables local characterization of the tested sample. While grip-to-grip
analysis calculates stretch from the obtained displacement between the grips, providing an aver-
age of the stretch that occurs throughout all the sample, DIC can provide information on several
specific points or areas at the same time, instead of just the average along the gage length. Figure
4.8 shows an example of how different areas can be characterized at the same time for a given
sample (in the figure, eyy represents the Lagrangian strain on the vertical y direction), while figure
4.9 shows the contrast between the different stress-stretch curves obtained this way, for that same
specimen. As can be seen by analyzing the different curves, when choosing to characterize the
biggest area of all, covering the major part of the sample’s surface, we get average values for the
deformation. The curves linked to the smaller areas spread throughout the surface can be seen to
be represented around the curve associated to the larger area. Data obtained this way for all the
samples can be seen in Appendix I.
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Figure 4.8: Selection of several rectangular areas along a sample’s surface. The stretches within
each sample can be determined independently - Elastin sample 4.
Figure 4.9: Stress vs. stretch curves associated with several areas spread throughout a sample’s
surface - Elastin sample 4.
Figures 4.10 and 4.11 illustrates the evolution of an elastin specimen’s Lagrangian strain field
together with the characterization of several specific points on its surface.
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Figure 4.10: Stress vs. stretch curve obtained for isolated elastin sample 4, matched with the
corresponding strain field at several times.
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(a) Beginning
(b) Middle
(c) End
Figure 4.11: Evolution of the strain field of a sample, shown at different times. The different
colors represent increasing values of stretch - Elastin sample 4.
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4.2 Fracture tests
Samples of porcine aorta with an initial side crack were tested to failure using the BiMaTS, at
a displacement rate of 0.05 mm/s, as described in Chapter 3. For each case and at each value
of stress, the stretch was calculated using grip to grip, as well as using digital image correlation
(DIC). The dimensions for each sample are shown in table 4.6.
Table 4.6: Measured dimensions for the tested fractured arterial tissue specimens.
Fractured sample Width (mm) Gage Length (mm) Thickness (mm) Cross-sectional area (mm2)
1 5.317 7.807 2.127 11.307
2 5.190 7.663 1.250 6.488
3 4.663 7.023 1.687 7.865
4 4.817 7.810 1.747 8.413
5 4.730 7.587 1.723 8.151
The stress-stretch curves obtained by the BiMaTS and DIC for each specimen are shown in
figure 4.12. Obtaining a maximum stress average value of 770±441 kPa, the BiMaTS suggests an
average maximum of stretch of 2.33±0.11, while the DIC suggests a stretch ratio of 1.86±0.18.
All the calculated mechanical parameters for both BiMaTS and DIC analysis are presented in table
4.7.
Table 4.7: Mechanical parameters calculated for both BiMaTS and DIC
Fractured Specimens
σmax 770.355±441.283
BiMaTS DIC
λmax 2.332±0.112 1.857±0.183
40 Results and Discussion
(a) BiMaTS.
(b) DIC.
Figure 4.12: Stress vs Stretch for fractured specimens of pig aorta. Note that the DIC data is not
complete, and gives information for only part of the test
Two different curves obtained for the same sample are compared in 4.13.
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Figure 4.13: Stress vs. Stretch curve comparison between BiMaTS and DIC - Fractured sample 3.
After a stretch of about 1.6, the DIC data are not reliable.
As can be seen in the stress-stretch curves drawn using the stretch obtained by DIC, informa-
tion captured by the method begins to degrade as the test progresses. This is because the surface
layer, on which the speckle patter is placed, begins to separate from the underlying tissue at the
crack tip. Fung’s 1D mathematical model was also applied to understand how well the experimen-
tal data fit to the exponential curve, and regression analysis was completed for each sample using
the Trust-Region algorithm. The obtained coefficient of determination - the r-squared (r2) value -
was also determined for each individual sample to assess the associated goodness of fit, indicating
how well the data fit the model. While BiMaTS data, as in the case for intact and isolated elastin
specimens, was able to fit the theoretical curve with a high r-squared value of 0.986±0.012, DIC
data presented a worse and volatile fit when considering all data, with 0.672±0.311, proving itself
inconsistent and not efficient in representing the theoretical behavior or arteries. When cutting all
data after it begins to degrade, however (at a stretch of around 1.6) the quality of the obtained fits
increase to the same levels as the BiMaTS (R2 = 0.993± 0.011). The degradation of the data is
because DIC depends on the sample’s surface quality, and with the evolution of the initial crack,
surface information gets more easily lost, initially around the cut, spreading as the test moved for-
ward. This can be seen in figures 4.14 and 4.15. As the media of the elastic arteries is dominated
by elastin, and then collagen and smooth muscle cells, forming a varying number of well-defined
fiber reinforced lamellar units, it is natural the dissection failure mechanism where layers are sep-
arated and delaminated is seen during the tests, as the layers keep failing. In the case of a fracture
test, as the surface layer is also initially severed, the information is lost as it delaminates from the
others and the speckle pattern is lost.
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Figure 4.14: Stress vs. stretch curve obtained for an initially fractured sample, matched with the
corresponding strain field at several times - Fractured sample 2.
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(a) Beginning
(b) Middle
(c) End
Figure 4.15: Evolution of the strain field of an initially fractured sample, shown at different times
- Fractured sample 2. Note the degradation of the data as the surface layer pulls apart during
fracture.
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It should be noted that in fracture tests it is important to understand what happens locally
around the crack tip and how the crack evolves with increasing stress. Digital image correlation,
however, does not seem to tell us much about it. As was previously mentioned, before data degra-
dation begins (around a stretch of 1.6 mm/mm), the data obtained by the method is a good fit to
Fung’s 1D exponential model, showing an accurate behavior for soft tissues. Nonetheless, the first
portion of the specimen’s surface to lose information is in fact around the crack tip. The good fit
is primarily due to the averaged data obtained by the entire gage section, even if around the crack
no information is given. When choosing to analyze locally around the crack using DIC, picking
specific points or smaller areas, no data is obtained, unless they are sufficiently distant from the
slit, and for low values of stretch, once again proving itself not efficient as a method for better
understanding trauma in arterial tissue using fractured specimens.
Chapter 5
Summary and Conclusions
Samples of porcine aorta before and after isolation of elastin were tested to failure using the tensile
testing machine - BiMaTS - together with fractured samples, and then analyzed using digital im-
age correlation (DIC). The necessary high contrast speckle pattern was applied to each specimen’s
surface using black spray paint, a simple but effective process.
As expected, the behavior of each intact specimen was nonlinear, with the stiffness increasing
exponentially as the stretch increased, consistent with the existing mathematical models which
predict the behavior of soft tissues. For intact specimens, at low stress the stress-stretch curve
was primarily controlled by elastin in a first linear region, until collagen recruitment began and
the collagen fibers stretched, carrying the load in a second linear region of the curve, owning a
significantly higher elastic modulus and a maximum stress value of 1.89 MPa. Consistent with the
previous results, isolated elastin specimens then showed a linear behavior, with a decreased value
of maximum stress of (σmx = 282kPa) and elastic modulus, closest to the low stress behavior of
intact specimens.
It was a primary motivation for this study to assess the application of DIC to the study of
arteries, as a means of better understanding arterial behavior, providing further information on the
characterization of the aorta and surrounding thoracic arteries, and allowing for a continuing evo-
lution of its study and ultimately better diagnosis and treatment of cardiovascular diseases. Results
obtained from both DIC and BiMaTS were compared using Fung’s 1D exponential model for the
behavior of soft tissues, looking to determine which of the two was most effective at describing
the theoretical behavior predicted by the mathematical model. Both methods were consistent and
efficient in representing the theoretical behavior of arteries, with R2 values greater than 0.99. How-
ever, almost all obtained parameters showed in fact statistically significant differences between the
BiMaTS and DIC, such as the intact specimens’ E1 (BiMaTS - 286 kPa; DIC - 600 kPa) and E2
(BiMaTS - 2.21 MPa; DIC - 6.00 kMPa), the isolated elastin specimens’ E (BiMaTS - 201 kPa;
DIC - 329 kPa), and the maximum stretches for intact specimens (BiMaTS - 2.69 mm/mm; DIC -
1.78 mm/mm) and elastin specimens (BiMaTS - 2.43 mm/mm; DIC - 1.89 mm/mm) .
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Although the data in the available literature for porcine arterial tissue are most consistent with
the values obtained with the BiMaTS, they were all obtained using similar testing methods, ana-
lyzing the grip-to-grip displacements. The results obtained by the present study were in point of
fact consistent with previous DIC analysis, which report that the grip-to-grip strain is greater than
the average strain computed using DIC at the central section (1). This difference in values obtained
by DIC and BiMaTS may be explained by the different portions of the specimen considered while
measuring the displacements.
Digital image correlation can provide information on several specific points or areas of the
specimen at the same time, instead of simply obtaining averages along the gage length. This
makes it a helpful and efficient method, since arterial tissue is an heterogeneous material and its
behavior might change according to the location under consideration, exhibiting different displace-
ments depending on the different areas under analysis.
In the case of fractured specimens, however, information captured by the method begins to
degrade as the test progresses. Since in fracture tests it is important to understand what happens
locally around the crack, DIC proves itself not completely effective and not immediately usable
for analyzing fractured specimens, as the first portion of the specimen’s surface to lose informa-
tion is in fact around the crack tip. This is because DIC depends on the sample’s surface and
speckle pattern quality. As the mechanical tests progress and the surface layer is initially severed,
the necessary information is lost as it delaminates from the others and the speckle pattern is lost.
Additional study on the preparation and use of DIC for fracture tests of arteries is needed.
In summary, with an effective surface preparation, DIC proved itself to be a valid and effective
method for examining the mechanical properties of arterial tissue under uniaxial loads, assuming
the surface layer of the specimen is not severed at the beginning of the test.
5.1 Limitations
Several limitations were found while conducting this work, important to address.
Firstly, in porcine tissue testing, there are many sources of variation between samples that
may have affected test results. Factors such as age, size, gender or health and even oxidation and
glycation levels that were not accounted for in this study may influence the tissue’s mechanical
response. Large variations in the calculated parameters between samples were found (as seen by
the corresponding standard deviations), even between samples taken from a single subject, due to
the location where the different samples were taken from. The amount of elastin is greatest closest
to the heart and gradually decreases distally. The amount of collagen, in contrast, is lowest closest
to the heart and gradually increases distally. Even though trying to limit sample harvesting to the
5.2 Recommended Future Work 47
thoracic aorta, , cutting samples from below the aortic arch where the thoracic begins, the slaugh-
terhouse would cut the aortas at different locations. Without further information on the pigs, it
was difficult to accurately identify where the abdominal aorta began. A larger sample size would
have helped minimize the effect of the unknown factors and provide a more statistically significant
estimate of the mechanical response of porcine arterial tissue.
Moreover, when comparing results with the existing literature, available data on DIC used in
porcine arteries was found to be scarce. Consequently, comparison was only possible with grip to
grip analysis, since comparing with other animals (e.g. bovine arterial tissue) would be inaccurate
due to differences between species. Although similar, they are not the same.
5.2 Recommended Future Work
In this study, digital image correlation was applied in uniaxial mechanical tests conducted accord-
ing to the circumferential direction on intact arterial tissue and chemically isolated elastin samples.
Having proved itself to be a valid and effective method for examining the mechanical properties
of arterial tissue under uniaxial loads, it should be applied in further studies, not only to assert its
applicability, but also to update the already existing information on the area.
Further testing should be completed on samples in the longitudinal direction, since changes
may occur. Arteries exhibit anisotropic behavior, so comparing mechanical response in the longi-
tudinal and circumferential directions would provide insight into whether changes in mechanical
response of the arteries are dependent on load orientation or not, as some studies suggest. The
same applies to arterial tissue after treatments of oxidation and glycation, which affect the me-
chanical response of the tissue and may contribute to changes connected to age and disease. These
results would offer insight into the complex process that results in arterial stiffening with age and
disease.
In addition, comparison between samples collected from subjects of different ages, size and
gender, and distinguishing the effects of these parameters should also offer valuable information
on the different behavior of arterial tissue throughout life and on how dependent it is on the subject.
Further studies on fracture specimens should also be conducted, in hopes of improving DIC’s
applicability to these particular tests. As an example, preconditioning was omitted since the exis-
tence of an initial crack could potentially change the behavior of the specimens. Studies should be
conducted to understand how it truly affects the specimens. Preconditioning at low loads/stretches
could be beneficial to fracture studies.
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Digital image correlation may provide new insights into the behavior of soft tissues and better
understanding of diseases, their progression, and related symptoms. Studies on DIC applicability
should therefore be pursued. In fact, investigations have also been conducted trying to assess
mechanical properties of soft tissue in vivo. (7). Future work on this area should prove itself
immensely valuable in the improvement of clinical treatments, health and prevention of diseases.
Appendix A
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(a) DIC data - Intact arterial tissue sample 1.
(b) Selected areas in the sample’s surface.
Figure A.1: DIC data for the different selected sections (figure (b)) of intact sample number 1,
as seen in table 4.1. Section 1 starts in the top of the sample, increasing its number as areas are
chosen below it.
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(a) DIC data - Intact arterial tissue sample 2.
(b) Selected areas in the sample’s surface.
Figure A.2: DIC data for the different selected sections (figure (b)) of intact sample number 2,
as seen in table 4.1. Section 1 starts in the top of the sample, increasing its number as areas are
chosen below it.
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(a) DIC data - Intact arterial tissue sample 3.
(b) Selected areas in the sample’s surface.
Figure A.3: DIC data for the different selected sections (figure (b)) of intact sample number 3,
as seen in table 4.1. Section 1 starts in the top of the sample, increasing its number as areas are
chosen below it.
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(a) DIC data - Intact arterial tissue sample 5.
(b) Selected areas in the sample’s surface.
Figure A.4: DIC data for the different selected sections (figure (b)) of intact sample number 5,
as seen in table 4.1. Section 1 starts in the top of the sample, increasing its number as areas are
chosen below it.
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(a) DIC data - Intact arterial tissue sample 6.
(b) Selected areas in the sample’s surface.
Figure A.5: DIC data for the different selected sections (figure (b)) of intact sample number 6,
as seen in table 4.1. Section 1 starts in the top of the sample, increasing its number as areas are
chosen below it.
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(a) DIC data - Intact arterial tissue sample 9.
(b) Selected areas in the sample’s surface.
Figure A.6: DIC data for the different selected sections (figure (b)) of intact sample number 9,
as seen in table 4.1. Section 1 starts in the top of the sample, increasing its number as areas are
chosen below it.
56 DIC localized data
(a) DIC data - Intact arterial tissue sample 4.
(b) DIC data - Intact arterial tissue sample 7.
(c) DIC data - Intact arterial tissue sample 8.
Figure A.7: DIC data for the different selected sections of intact samples number 4, 7 and 8, as
seen in table 4.1. Sections are selected in the same way as the previous samples.
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(a) DIC data - Chemically isolated elastin sample 1.
(b) Selected areas in the sample’s surface.
Figure A.8: DIC data for the different selected sections (figure (b)) of isolated elastin sample
number 1, as seen in table 4.2. Section 1 starts in the top of the sample, increasing its number as
areas are chosen below it.
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(a) DIC data - Chemically isolated elastin sample 2.
(b) Selected areas in the sample’s surface.
Figure A.9: DIC data for the different selected sections (figure (b)) of isolated elastin sample
number 2, as seen in table 4.2. Section 1 starts in the top of the sample, increasing its number as
areas are chosen below it.
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(a) DIC data - Chemically isolated elastin sample 3.
(b) Selected areas in the sample’s surface.
Figure A.10: DIC data for the different selected sections (figure (b)) of isolated elastin sample
number 3, as seen in table 4.2. Section 1 starts in the top of the sample, increasing its number as
areas are chosen below it.
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(a) DIC data - Chemically isolated elastin sample 4.
(b) Selected areas in the sample’s surface.
Figure A.11: DIC data for the different selected sections (figure (b)) of isolated elastin sample
number 4, as seen in table 4.2. Section 1 starts in the top of the sample, increasing its number as
areas are chosen below it.
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(a) DIC data - Chemically isolated elastin sample 5.
(b) Selected areas in the sample’s surface.
Figure A.12: DIC data for the different selected sections (figure (b)) of isolated elastin sample
number 5, as seen in table 4.2. Section 1 starts in the top of the sample, increasing its number as
areas are chosen below it.
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(a) DIC data - Chemically isolated elastin sample 6.
(b) Selected areas in the sample’s surface.
Figure A.13: DIC data for the different selected sections (figure (b)) of isolated elastin sample
number 6, as seen in table 4.2. Section 1 starts in the top of the sample, increasing its number as
areas are chosen below it.
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(a) DIC data - Chemically isolated elastin sample 7.
(b) Selected areas in the sample’s surface.
Figure A.14: DIC data for the different selected sections (figure (b)) of isolated elastin sample
number 7, as seen in table 4.2. Section 1 starts in the top of the sample, increasing its number as
areas are chosen below it.
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(a) DIC data - Chemically isolated elastin sample 8.
(b) Selected areas in the sample’s surface.
Figure A.15: DIC data for the different selected sections (figure (b)) of isolated elastin sample
number 1, as seen in table 4.2. Section 1 starts in the top of the sample, increasing its number as
areas are chosen below it.
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(a) DIC data - Fractured arterial tissue sample 2.
(b) Selected areas in the sample’s surface.
Figure A.16: DIC data for the different selected sections (figure (b)) of fracture sample number 2,
as seen in table 4.6. Section 1 starts in the top of the sample, increasing its number as areas are
chosen below it.
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(a) DIC data - Fractured arterial tissue sample 3.
(b) Selected areas in the sample’s surface.
Figure A.17: DIC data for the different selected sections (figure (b)) of fracture sample number 3,
as seen in table 4.6. Section 1 starts in the top of the sample, increasing its number as areas are
chosen below it.
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(a) DIC data - Fractured arterial tissue sample 4.
(b) Selected areas in the sample’s surface.
Figure A.18: DIC data for the different selected sections (figure (b)) of fracture sample number 4,
as seen in table 4.6. Section 1 starts in the top of the sample, increasing its number as areas are
chosen below it.
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(a) DIC data - Fractured arterial tissue sample 1.
(b) DIC data - Fractured arterial tissue sample 5.
Figure A.19: DIC data for the different selected sections of fracture samples number 1 and 5, as
seen in table 4.6. Sections are selected in the same way as the previous samples.
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Safety 
• Some mechanical assemblies contain pinch points - use proper care and tools 
when assembling to avoid injury. 
• Incandescent lights can get very hot. Use caution when moving or working 
around these lights, and beware of excessive heating of the specimen, cameras, 
lenses, or other surfaces. Leave lights off when possible. 
• When mounting cameras it may be possible to create an unstable or unbalanced 
situation. Be careful not to cantilever cameras excessively, especially heavier or 
high-speed cameras. 
• Personnel should be in a safe location whenever a dangerous or destructive test is 
being performed. Various solutions are available for extending cabling/controls to 
allow the system to be operated in a safe, remote location – please contact 
Correlated Solutions for more details. 
• Various paints, chemicals, and solvents may be used in preparing specimens for 
testing. Always observe label precautions. 
• If any cables become frayed or damaged, replace immediately to avoid risk of 
shock. 
• Do not attempt to repair or disassemble the computer or any electronic parts. Risk 
of shock or damage may result. 
• When using a cart system, be certain to lock the wheels whenever the system is 
not being moved. 
Risk Management 
• Always fully support cameras when moving, assembling, or adjusting, until all 
fasteners are completely tight. For larger high-speed cameras, two people may be 
required. Cameras can suffer severe damage if dropped. 
• Always support lenses when installing or removing. In addition, for certain lenses, 
during focusing operation, the front must be supported to prevent drops. 
• While most power and data connections are keyed, it may be possible to 
incorrectly plug in or force a USB, 1394a, or 1394b connection. Always check 
orientation and compatibility before making any connection. 
• For any test where excessive heat, shock, or flying debris may be present, take 
steps to protect the cameras and equipment. Various shielding solutions are 
available – please contact Correlated Solutions for more details. 
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Introduction 
Completing a test with Vic-2D is fairly straightforward but a few pointers can help to get 
the best results in the shortest period of time. This document explains the basics of a test 
from start to finish. The steps covered will be: 
 
 
• Preparing the specimen 
• Setting up the camera 
• Running the test 
• Image analysis 
• Viewing and reducing data 
 
 
Preparing the specimen 
Begin by preparing the region of interest on your specimen with a speckle pattern. For 
more information on techniques and guidelines, please see the attached application note 
AN525, Speckle Pattern Fundamentals. 
For this test we’ll be using a small tensile specimen made of white natural rubber. 
Because the specimen is white, no base coat is needed; black elastomeric paint is used to 
create a speckle pattern on the surface. 
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Setting up the camera 
Accurate 2D image correlation depends on the specimen being planar and parallel to the 
camera sensor; because of this, careful alignment is key to highly accurate results. 
The first step will be lens selection. In 2D correlation, errors can be introduced when the 
specimen is misaligned or moves out of plane; these errors are proportional to w/Z, where 
w is the out-of-plane motion, and Z is the distance from the camera to the specimen. 
 
 
  
 
w 
 
 
 
We will minimize the error by reducing w and increasing Z. The out-of-plane motion can 
be reducing through testing configuration and procedure. The Z distance can be increased 
by selecting a long focal length (e.g., telephoto) lens. In general, select the longest 
available lens that will allow you place the camera with a line of sight to the specimen 
and still image the entire area of interest. 
Once a lens has been selected, the camera should be placed to image the entire area of 
interest. Be sure to leave a buffer for any expected motion or expansion of the test 
specimen. In our tensile test, the specimen will be pulled symmetrically, so we leave 
space both above and below. 
Once a distance has been established, carefully place the camera at the same height and 
lateral position as the specimen. This can be accomplished by carefully sighting along the 
camera, or more accurately by using a ruler and/or a level to check the height and 
alignment. 
Z 
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Here, a camera has been set up with a 75mm lens imaging a small tabletop test frame: 
 
 
After placing the camera, Vic-Snap is started so that we can preview the image. The 
height and tilt adjustments on the tripod are used to align the center of the specimen in 
the center of our view. 
 
 
When the camera is at the same height and lateral position as the specimen, and the 
specimen is centered in view, it follows that the optical axis is correctly normal to the 
specimen. 
Note the room above and below the region of interest to allow for high tensile strains 
without losing parts of our area of interest. In some cases (very high strains) the specimen 
will only take up a small part of the field, initially. 
74 VIC 2D Testing Guide
6 	  
When the camera has been positioned, the next step will be to set focus. Use the focus 
control on your lenses to achieve a sharp focus on the entire specimen. Usually, it will be 
necessary to zoom in on the image to check fine focus; slight defocus will not be visible 
with the image zoomed out to fit on screen. 
Zoom in by placing the mouse cursor over the image in Vic-Snap and rolling the mouse 
wheel. While zoomed in, look closely at both the far and near edge of the specimen to 
ensure that the entire surface is in focus, before proceeding. To pan around a zoomed 
image, hold Shift (the cursor will change to a hand icon) and click and drag the image. 
You may also use the focus bar in Vic-Snap as a qualitative focus measure. Click and 
drag in the image to select the area of interest: 
 
 
Then, right-click and select Show Analysis. A histogram and a focus bar will appear 
below the image. 
 
 
Adjust the focus in one direction until the focus bar starts dropping; go back in the other 
direction until the bar passes its peak and drops again; finally, return to the peak. Right- 
click and select Show Analysis again to hide. 
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A tip: if you open the aperture of your lens all the way (lowest F-number), it will cause 
the depth of field to become very small. This will exaggerate any out-of-focus areas, so it 
can be helpful to set your focus this way, then return the aperture to the appropriate setting 
for the test. (You will need to temporarily reduce the exposure time to compensate 
– see following section.) 
 
 
 
Specimen 
 
 
 
 
 
 
Camera 
Focal plane 
 
 
 
Depth-of-field  Depth-of-field 
 
 
Focusing with large aperture – small DOF After closing aperture – focal plane is well 
centered 
 
 
Aperture and exposure time 
As you make the image sharp through the focus adjustment, it will also be necessary to 
adjust the brightness of the image. There are two controls available for this: the 
aperture/iris setting on the lens, and the exposure time setting of the camera. 
• Aperture: opening the aperture allows more light to fall on the sensor. The  
aperture setting is also called the f-number; f-numbers are usually indicated on the 
lens’s aperture ring and typically go from an open setting of 1.4 or 2.8 to a closed 
setting of 22 or 32. Using a bigger aperture (lower f-number) will make the image 
brighter. However, it will also decrease the depth of field – the range over which 
the focus is sharp. For typical Vic-2D applications, the specimen will be very 
nearly flat, so that there is no practical need for a significant depth of field. 
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• Exposure time: this is the amount of time the camera sensor gathers light before 
reading out a new image. Longer exposure times make the image brighter but can 
also create blur if significant motion happens during the exposure times. 
Maximum acceptable exposure time will depend on the test speed; for a typical 
quasi-static test, exposure times of up to 50-100ms will be acceptable. A specific 
determination can be made by calculating the linear speed of the fastest-moving 
part of the specimen. In pixel terms, this speed should be no more than 0.01 pixels 
over the exposure time. 
The image should be as bright as possible without showing any saturation (displayed as 
red in the image window). Some materials (i.e., HDPE) will get lighter in color as they 
strain – for these materials the image should be made a bit dimmer to compensate for the 
brightness increase. 
Controls for focus and aperture differ by lens; two common C-mount styles are shown 
below. 
 
 
 
 
 
This lens has a focus and aperture ring, 
each with locking knob. The aperture 
ring is normally closest to the camera. 
Loosen the locking knob (if present); 
make any adjustments; and tighten the 
lock before calibrating. 
 
 
 
 
This lens has an aperture ring with a 
locking knob. To focus, loosen the collar 
(for this particular lens, a 2mm hex 
driver is used), and rotate the entire body 
of the lens. Loosen the lens body 
(counterclockwise) to focus closer; 
tighten (clockwise) to focus farther. 
Tighten the collar when complete. 
Caution – the lens body is not captive 
and will fall if screwed all the way out. 
 
 
Once the camera has been positioned, carefully lock down any tripod adjustments and 
lens settings. If necessary, tie down any loose cables, and make sure cables are routed so 
you can access relevant equipment without interference. 
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Analog Data 
For systems equipped with data acquisition hardware, several channels of analog data may 
be acquired along with the image data. To view the analog data, click the Analog       
Data button in the toolbar. (If this button is not present, analog acquisition is not installed. 
If it is present but grayed out, the acquisition is installed but not active.) A dialog          
will appear showing the voltage for each channel present in the device (typically, 4 or       
8 channels). 
 
 
 
You can double-click on a channel heading to remove it from the display (double-click 
again to return it). You can also scale and rename these channels; right-click and select 
Edit channels. You can enter a title, range, and multiplication factor for each channel. 
Selecting the appropriate range will give higher accuracy. To view scaled data, right-click 
and select Show scaled. 
 
 
 
 
This data is saved in the CSV log file associated with the project. This file will have the 
same name as the project prefix and for each image set, contains the image count, the 
filenames, the exact times, the unscaled analog data, and the scaled analog data. 
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Running the test 
Before beginning, connect desired analog voltage outputs (load, etc) to inputs on your 
acquisition system and confirm that the correct signals are being acquired. Also, check 
that enough drive space will be available to acquire as many images as desired. 
Typically, images will be acquired either manually, or at set intervals. For a simple 
before/after test, simply acquire one image of the specimen in its reference state, and 
another in the deformed test. In Vic-Snap, images may be acquired by clicking the 
Capture button or simply pressing the space bar. 
For a typical continuous test – i.e., a pull test of a dogbone specimen – many images can 
be acquired. In most cases, it’s best to acquire a smooth sequence of many images rather 
than just a few. This is because when motions from one image to the next are small, the 
analysis will work automatically with no user intervention; when motions are large, 
initial guess input may be required. 
For timed acquisition, it’s best to begin the acquisition, and then begin the test – excess 
images can always be discarded. Be sure to monitor the image during the test – some 
materials can become brighter or darker, requiring a change in exposure time. To use 
timed capture, select Images… Timed Capture, or use the toolbar button. 
 
 
Select an interval and, if desired, a total time; and click Start to begin. Images will be 
saved at the specified interval. 
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Analyzing images 
To begin, start Vic-2D. Click the Speckle images toolbar button (or select Project… 
Speckle images, from the menu bar) and navigate to the folder where your test images are 
stored. Select your test images and click Open. The first image will appear in a window. 
 
 
 
This image is the Reference image; it will be the reference state and all strains and 
displacements will be relative to this image. By default, the first image in the sequence is 
the reference; if you would like to select a different image, right-click on the image in the 
image list at the left, and click Set reference image. 
 
 
Next, select your area of interest (AOI), using the rectangle or polygon tool in the AOI 
toolbar. Click once in the reference image to define the first point; click again to define 
subsequent points. For the polygon, double-click to complete drawing. Here, we use the 
rectangle tool: 
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Select a subset and step size for your AOI, using the spin boxes in the AOI tools. The 
subset size controls the size of the DIC analysis window and is displayed in the size of 
the yellow seed point box; this should be at least as big as your smallest speckle. The 
default works well most tests. The step size controls the density of analyzed data; a step 
size of 5 will analyze every 5th point in each direction. A higher step size gives faster 
results but coarser data. A smaller step size will return more points but will take longer. 
 
 
Calibrating for scale 
Before running the analysis, you can calibrate for scale in order to generate results in 
physical unitsIf you do not calibrate for scale, all results will be in pixels. As a 
dimensionless variable, strain will be unaffected. 
 
To calibrate for scale, you must have an image which contains a known distance, either 
marked on the specimen, or on a ruler or target that is in the same plane as the specimen. 
Select Project… Calibration images, and add this image. Then, select Calibration… 
Calibrate scale. The image we have used here is the specimen image, with two dots 
marked exactly 20mm apart. 
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We zoom in on the image so that we can pick the points more exactly: 
 
Then, we pick the Manually select tool, click on the first point, and drag to the second 
point. A line appears. We then enter 20 mm in the Point distance box, and click Ok. 
 
The system is now calibrated, and a scale appears in the Calibration tab: 
 
Data analyzed after this point will contain metric dimensions in addition to the pixel 
units. 
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If you have a suitable ellipse target – such as a 3D calibration grid – you can get a more 
accurate extraction by using the Snap to circle tool. This allows subpixel accuracy. To 
use, select the tool, click on the first ellipse, and drag to the second. 
 
 
 
Here, a 5mm pitch grid was used, and there are 7 spaces in between, so the distance is 
entered as 35mm. 
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When AOI selection and scale calibration (if applicable) are complete, click the green 
Start analysis button in the toolbar. Click the Run button in the next dialog to analyze. 
The analysis dialog appears. 
 
 
 
For each image, the dialog lists number of points correlated, the analysis time, an average 
match confidence, and average iterations. You also see a preview of your results; you can 
right-click in the plot to select different variables. Here, we see V, the vertical 
displacement. 
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If no points are returned, it may indicate a problem with the images (no speckle pattern; 
pattern too coarse, sparse, or dark). It may also indicate that a manual initial guess is 
needed. To perform an initial guess, click the red question mark icon in the AOI tools. 
 
 
Here, we can see that a green checkmark is displayed for the first image in the image list 
at the bottom right. This indicates that an initial guess was successfully found. If the list 
shows a red question mark, make a manual initial guess: 
1. Locate the area which roughly matches the seed point, displayed at the top left. 
2. Find a matching point in each small subimage. Click the point in both the 
reference and deformed image. 
3. Click Add Point, or simply right-click. The points turn yellow, and a green 
checkmark appears. 
You can move the seed point by dragging the small box which indicates it in the  
reference image. In some cases moving the seed point to an area with good definition and 
contrast will be enough to allow a successful automatic guess. You should also put the 
seed point in an area of low motion; i.e., in a tensile test, this would be the side of the 
specimen nearest the fixed grip. 
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Viewing and reducing data 
To view your data, click Close on the analysis dialog once complete. The new data will 
be displayed in the Data tab at left: 
 
 
Double-click on a file to view: 
 
 
You can use the mouse wheel to zoom in and out, and click and drag to pan around the 
image. Right click to select different contour variables. 
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Available variables will be: 
• x [pixel] – x location of the point in the image (in pixels) 
• y [pixel] – y location of the point in the image (in pixels) 
• u [pixel] – x (horizontal) displacement of this point (in pixels) 
• v [pixel] – y (vertical) displacement of this point (in pixels) 
• sigma [pixel] – the confidence interval for the match location (in pixels) 
• exx [1] – the strain in X 
• eyy [1] – the strain in Y 
• exy [1] – the shear strain 
• e1 [1] – the major principal strain 
• e2 [1] – the minor principal strain 
• gamma [1] – the principal strain angle, in radians 
 
 
To edit axis and contour limits, use the Plotting tools toolset, at the left. 
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You may either auto-scale the contour limits, or clear the Auto-rescale box and manually 
enter limits. 
To animate through the images, use the Animation toolbar: 
 
 
Or, videos can be exported by right-clicking in the plot and selecting Export video. You 
may want to set the contour scale to encompass the limits from all plots; to do this, turn 
on auto-scaling and the Grow range only option. 
 
 
Then, play through all images; the scale will adjust to the global top and bottom limits. 
Then, export or display the video. 
To save plots as images, right-click on the plot and select Save; or, you can right-click on 
any plot in Vic-2D and select Copy to copy the plot to the clipboard. 
Calculating strain 
In Vic-2D, strain is automatically calculated at analysis time. To recalculate strain – with 
a different algorithm or filter size - select Data… Postprocessing options… Calculate 
strain. 
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Several options are available but the most commonly used will be the Filter Size. It may 
be necessary to make this value larger to resolve strain when strains are very small. To 
achieve better spatial resolution and see strain concentrations clearly, use smaller values. 
You can calculate strain for all files by clicking Start. Alternately, you can adjust settings 
and see the effect on a single file by clicking Preview. 
After strain calculation is complete, there will be new strain variables in the data set; 
right-click on the contour plot to view them. By default, you will see strain in the x- and 
y-axes (exx, eyy) and shear strain (exy), as well as first and second principal strain (e1, 
e2) and principal strain angle (gamma). 
Reducing data 
Vic-2D provides a number of facilities to reduce data from the initial point cloud. 
To export aggregate statistics only, you can select Data… Export statistics. Select the 
files and variables for export; the result will be a CSV file. 
To look at a 2D slice of the data, open a 2D contour plot. Select the Inspect line tool from 
the Inspector toolbar: 
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Next, select a line by clicking two endpoints. 
 
 
Next, click the Extract button in the Inspector toolbar. You will see a plot of data along 
the line; you can select the data to plot from any of the available variables. 
 
 
To save this extraction from one or many of the data files, click Save Data, or save an 
image of the plot by clicking Save Plot. 
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You may also extract data for a single point or area, over many data files. To begin this, 
click the point, disc, or rectangle icons in the Inspector tools while viewing a plot. Click 
in the plot to select the point or region to analyze; in this case, we’ll select a small disc in 
the central region of the specimen. 
 
 
Then, we click the Extract button in the Inspector toolbar. The following dialog appears: 
 
 
Select the files and variables to extract from. Here, we leave everything selected and click 
Extract again. 
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The data for the selected region is extracted for each data file; you can plot any available 
variable against any other variable. Here, we plot strain in x against file number. If 
desired, click Save Data to save the reduced data as a CSV file, or Save Plot to save an 
image of the plot. 
 
 
Analog Data 
To bring in voltage and time data, you can select Project… Analog Data from the menu 
bar. Select the CSV log file for the project; it will appear under Analog data in the 
project tab. You can double-click on the file to view it as a spreadsheet. 
After this, you can use the analog data as the X- or Y-axis in the Extract Sequence Data 
plot. This is useful for plotting, i.e., load against strain. 
 
 
Support 
If you have any questions about this document or any other questions, comments, or 
concerns about our software, please feel free to contact us at  
support@correlatedsolutions.com, or visit our web site at www.correlatedsolutions.com. 
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CSI Application Note AN-525 
Speckle Pattern Fundamentals 
 
 
Introduction 
The digital image correlation technique relies on a contrasting pattern on the surface of 
the test specimen. This pattern can be painted; naturally occurring; or even projected on 
the surface, but a few tips will help to give the best pattern and the best results. 
 
 
Pattern Requirements 
To achieve effective correlation, our pattern must be 
• Non-repetitive 
• Isotropic 
• High contrast 
That is, the pattern should be random; should not exhibit a bias to one orientation; and 
should show dark blacks and bright whites. Below are examples of patterns that lack 
these characteristics to some degree. 
 
 
 
 
 
 
 
 
Repetitive Low contrast Anisotropic 
Black vs. White 
While we refer to these patterns as speckle patterns, the software only sees a contrasting 
field; the speckles themselves are not the analysis unit. So, white speckles on black can 
work as well as black speckles on white, or a high-quality pattern may consist of neither. 
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Pattern Scale 
In addition to the above requirements, speckles should be neither too small nor too large. 
In practice, there is a very wide range in how large a speckle pattern may be, and still 
achieve excellent results, but having an optimal pattern will give the best flexibility. To 
understand what makes an 
helpful. 
optimal pattern, a bit of background on the theory will be 
 
 
In DIC, a small subset of the image is tracked as the specimen moves and deforms. To 
perform the tracking, the subset is shifted until the pattern in the deformed image matches 
the pattern in the reference image as closely as possible; this match is calculated as the 
total difference in gray levels at each point. 
If the pattern is too large, we may find that certain subsets may be entirely on a black 
field or entirely on a white field. This does not allow us to make a good match, as we 
have an exact match everywhere in the field. We can compensate for this by increasing 
the subset size, but at the cost of spatial resolution. 
 
  
Subset too small for pattern – errors 
may result in black areas 
Larger subset will work, but reduces 
ability to measure fine gradients 
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Conversely, if the pattern is too small, the resolution of the camera may not be enough to 
accurately represent the specimen; in information terms, we can call this aliasing. Instead 
of appearing to move smoothly as the specimen moves, the pattern will show jitter as it 
interacts with the sensor pixels; resulting images often show a pronounced moiré pattern 
in the results. 
 
 
Pattern is too fine – aliasing could result 
 
 
 
Characteristic moiré pattern due to aliasing 
VIC 2D Testing Guide 95
27 	  
In addition, patterns that are too fine are very sensitive to defocus – out of focus regions 
may simply become gray. In general, speckles should be at least 3-4 pixels in size to 
avoid these issues. Put another way, speckles should be visible as distinct features, as 
opposed to random ‘salt and pepper’ noise. 
 
 
The following patterns show a good contrast and size distribution: 
 
    
96 VIC 2D Testing Guide
28 	  
Techniques 
Spray paint 
The most common technique for applying a speckle pattern is with ordinary paint. Paint 
can be used with any intermediate-sized specimen that will not be chemically affected by 
the paint, nor stiffened by it. This is usually the best choice for metal, ceramic, and 
composite specimens from ~1” (25mm) to ~48” (1.25m). 
Choose matte paints; satin or gloss paints will show specular reflections, especially under 
intense lighting. Typically, the surface is coated with white paint, in several very light 
coats. Heavy coats may lead to drips which change the shape of the surface. 
The speckle coat should be applied after the base coat becomes at least tacky; if the 
undercoat is wet, the paints will blend and blur. For smaller patterns, simply spraying the 
paint quickly past the surface in a sweeping motion can give a good speckle size. The 
specimen below is a 1” IC that was coated in this manner. 
 
  
For larger fields, larger blobs must be produced. This can be effected by either modifying 
the nozzle, or throttling the spray. One effective technique is to place the surface 
horizontally, and spray over it. If the spray nozzle is barely pushed down, large blobs will 
come out and fall on the surface; the finer mist will spray over the surface, leaving a 
good, coarse pattern. The 48” panel below was painted this way. 
 
  
Note that spray paint techniques are prone to very fine mist on the surface, which can 
sometimes cause aliasing. 
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Toner 
For very small specimens, a very fine pattern can be applied with toner powder. This 
method works well for specimens smaller than ½” (12mm). For this technique, the 
specimen should be coated white. Then, toner powder can be blown with a small lens 
blower, or by mouth, onto the surface. The pattern below was made with toner in a 2mm 
groove in a steel rod. 
 
  
In some cases the toner can be blown onto a dry surface and static will keep it in place. 
For a more durable finish, the toner can be fused in an oven. 
Lithography 
For extremely small specimens, patterns can be created with lithography or vapor 
deposition. The pattern below is chrome on glass and the field of view is ~0.02” (500 
microns). 
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Stencils 
For very large specimens, a stencil can be used to roll or spray a perfect speckle pattern. 
Stencils can be made from thin vinyl with water or laser cutting techniques. The pattern 
below was applied to a 16’ (5m) panel. 
 
  
While this pattern appears somewhat regular, which violates our ‘random’ condition, 
there is more than enough variation for effective correlation. 
 
 
Printing 
For medium through large panels, printing of speckle patterns can be very effective. This 
technique has been used with specimens from 1” (25mm) through 12’ (4m). 
Raster speckle patterns can be generated and printed on paper or vinyl appliqué. For 
specimens that will strain, vinyl is recommended. The pattern may be generated in 
software; printed using a laser printer or commercial roll plotter; and applied to the 
surface. The pattern below was printed on a full-sheet laser label. 
 
  
 
 
Ink 
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For some specimens, ink – placed with a marker – is a good technique. This technique 
affects the surface minimally, and allows measurement of very high strain. The ink can 
simply be dotted onto the surface with a marker. This technique can be very time 
consuming for larger specimens. 
The pattern below was placed on a ½” (12mm) wide dog-bone of HDPE. The specimen is 
displayed before and after deformation; the correlation was successful at strains up to 
400%. 
 
  
 
 
Grids 
While grid patterns are neither necessary nor optimal for DIC, they may be used, with 
caution. Initial guesses must be selected carefully; with a nearly-perfect grid, it’s possible 
for DIC to find a good match that is actually off by 1 or more grid spacings. In addition, 
the subset size must be large enough that at least one grid intersection is always 
contained. 
 
  
Subset too small – multiple matches 
along line 
Larger subset – constrained in both axes 
 
 
Inherent patterns 
Some materials such as wood or concrete display an inherent pattern. These patterns may 
be used for correlation if they have sufficient contrast, although an applied pattern is still 
usually optimal. 
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Textures 
Some specimens exhibit an apparent speckle pattern due to an inherent texture; examples 
include sand, rough metal, and concrete. Extreme caution must be used when using these 
textures as a pattern; because the shading comes only from light and shadow, it may often 
be inconsistent between the left and right camera, or may change in unexpected ways 
when the specimen moves or deforms. 
Because of these issues, this technique should only be used when alternatives are not 
available. 
 
 
Conclusions 
This information should serve as a guideline, but very good results have been achieved in 
specimens and patterns that fall far out of these guidelines. For help with challenging 
specimens and techniques, or for information about analyzing difficult or poorly prepared 
images, please feel free to contact support@correlatedsolutions.com, or your local 
representative. We’ll be happy to help you look at options for preparation and analysis 
that will result in the best achievable results. 
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